New antifungal agents are needed to treat life-threatening fungal infections, particularly with the development of resistance. Surface-active antifungals have the advantages of minimizing host toxicity and the emergence of drug resistance. We have developed a time-dependent drug exposure assay that allows us to rapidly investigate the mechanism of surface-active antifungal drug action. The assay uses a multidrug pump-deficient strain of Saccharomyces cerevisiae and the potentiometric dye 3,3′-dipropylthiacarbocyanine iodide [diS-C 3 (3)] and can assess whether cells are depolarized, hyperpolarized, or permeabilized by drug exposure. In this work, we investigated the mechanisms of action of five surface-active compounds: SDS, nystatin, amphotericin B, octenidine dihydrochloride, and benzalkonium chloride. The diS-C 3 (3) time-dependent drug exposure assay can be used to identify the mechanisms of action of a wide range of drugs. It is a fast and cost-effective method for screening drugs to determine their lowest effective concentrations.
Increased use of antifungal agents has resulted in the development of resistance to these drugs, which has become an important problem for many infectious diseases. The frequency and types of life-threatening fungal infections have increased dramatically as a result of immunosuppression associated with AIDS, organ transplantation, and cancer treatments (1) (2) (3) .
Ideally, antifungals should interact with specific fungal targets that are absent in higher eukaryotes (4, 5) . However, the management of fungal infections is complicated by undesirable side effects and by the limited array of available antifungals (6, 7) . New antifungal agents with different mechanisms of action are urgently needed to overcome the problems of drug resistance and toxicity (8) (9) (10) (11) (12) . Surface-active agents can minimize toxicity, the induction of drug efflux pumps, and the emergence of drug resistance caused by intracellular drug or target modification (13) (14) (15) .
A battery of experimental tools is available for studying the activities of drugs. These include measurements of cell viability, minimum inhibitory concentrations (16) , killing kinetics (13), fluorescent dye uptake or leakage (16) , or the leakage of intracellular constituents (16) (17) (18) . Alternatively, microscopic examination of drugexposed cells can reveal the type of cell damage generated by the drug (17) .
We have developed an assay that detects the damaging events of surface-active drugs in real time, with high sensitivity. Our time-dependent drug exposure assay monitors the accumulation of 3,3′-dipropylthiacarbocyanine iodide [diS-C 3 (3) ] by cells after their exposure to a surfaceactive antifungal compound, and then after its removal. The assay utilizes the striking difference in diS-C 3 (3) fluorescence curves of intact (including hyperpolarized and depolarized) and permeabilized cells. diS-C 3 (3), a lipophilic, cationic redistribution dye, easily passes through the plasma membrane and accumulates in the cells in response to the membrane potential (where the intracellular voltage is negative). It binds to the cell constituents, changing its fluorescence parameters. Dye uptake can thus be estimated directly from simple fluorescence characteristics, such as the position of the spectral maximum λ max (19) . At equilibrium, which is typically reached in intact yeast cells within 30-40 min, the ratio of intracellular to extracellular dye is determined by the value of the membrane potential. It is important to note that the fluorescence response of diS-C 3 (3) to membrane potential is critically affected by the action of the multidrug-resistant (MDR) pumps, Pdr5p and Snq2p, which actively expel the dye from cells (20) .
Permeabilized cells cannot maintain a membrane potential and are characterized by a massive outflow of cations from the cytosol, which significantly enhances the probe binding capacity of the cytosolic components (21) . This leads to a fast and marked increase in λ max . Moreover, in permeabilized cells, the MDR pumps do not play a role; the staining curves of pump-free and pump-competent cells are identical.
Cell integrity is revealed by the use of the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) in combination with 2-dodecanoyloxyethyl-dimethylammonium chloride (DM-11), an H + -ATPase inhibitor (22 (24) .
Yeast precultures were grown in yeast extract, peptone, and dextrose (YPD) medium (1% yeast extract, 1% bactopeptone, 2% glucose) at 30°C for 24 h. A small inoculum of 200-300 μL was added to 10 mL fresh YPD medium and allowed to reach the desired phase of growth.
Time-dependent drug exposure assay Postdiauxic phase cells were harvested, washed twice with double-distilled water, and resuspended in 10 mM citrate-phosphate (CP) buffer, pH 6.0, to an OD 578 of 0.1. The cell suspension was divided into four equal parts. One was a drug-free control and underwent the same washing procedure as cells exposed to drug. Drug exposure was performed at room temperature with gentle stirring. Aliquots (10 mL) were removed at different times (usually 3-120 min), washed twice to remove the drug, and resuspended in buffer to OD 578 of 0.1. (19, 25) . Fluorescence emission spectra from 560-590 nm were recorded every 2-5 min on a FluoroMax-3 spectrofluorometer (HORIBA Jobin Yvon, Edison, New Jersey, USA) equipped with a xenon lamp. The excitation wavelength was 531 nm, and the scan duration was 20 s. Scattered light was eliminated with an orange glass filter with a cutoff wavelength at 540 nm. In each experiment, CD cocktail (5 μM CCCP plus 10 μM DM-11) was added (usually after 45 min of staining). Samples were kept at room temperature and occasionally gently stirred.
Plating tests
To determine cell viability, washed, postdiauxic, or exponential cells were incubated with drug at room temperature with occasional gentle stirring. Every 10 min, 10 μL cells were diluted 1000-fold to stop the action of the drug, and 3-5 replicate aliquots were plated on 1% YPD agar (1% agar, 1% yeast extract, 1% peptone, 2% glucose) and incubated for 2 days at 30°C. For control samples, the number of colonies per plate was ~200.
Drug susceptibility assay
To determine if BAC is a substrate of the Pdr5p, Snq2p, or Yor1p transporters, disc diffusion tests were performed as described (22) . BAC, as an aqueous solution (2 μL), was spotted onto Whatman paper discs on the agar surface. After 2 days at 30°C, the plates were photographed, and the sizes of the growth inhibition zones were measured.
Results and discussion
Dose-dependent action of SDS on the yeast cell membrane The anionic detergent SDS is a harsh but efficient solubilizer of integral membrane proteins. At low concentrations, before solubilization occurs, SDS incorporates into the membrane and may perturb or permeabilize the membrane, releasing aqueous solutes to the cell exterior (26, 27) .
AD1-3 cells lacking the major MDR pumps Pdr5p and Snq2p accumulate diS-C 3 (3) according to their membrane potential ( Figure 1A ) (20, 22) . Staining is recorded as the time-dependent increase of the fluorescence emission maximum (λ max ) and takes ~30 min to reach equilibrium due to the cell wall barrier (19) . Addition of CD cocktail to fully stained cells leads to the drop of λ max to a level near that of free dye, indicating a marked membrane depolarization. Staining curves of control cells remained unchanged over the time of the assay, indicating that the cells were not influenced by incubation in CP buffer.
The staining curves were markedly affected by SDS in a time-and concentrationdependent manner, indicating changes in diS-C 3 (3) uptake. At 0.8 mM SDS, a concentration at which 100% of the cells survive a 2-h exposure (not shown), the staining curves for 3-and 15-min exposures revealed higher initial rates of staining than untreated cells ( Figure 1A) . SDS increased permeability of the cell wall, allowing a faster establishment of the same equilibrium level of staining as in untreated cells. Longer exposure times led to much faster initial rates of staining (staining curves are shown for 55-, 85-, 100-, and 120-min exposures) and to a gradual increase in the equilibrium level of staining. Exposure times longer than 85 min did not produce higher levels of equilibrium staining. For these longer exposures, addition of CD cocktail caused a drop of λ max to a value that is higher than that of controls; the difference in λ max/CD (average λ max after the addition of CD cocktail) corresponds to the exposure timedependent increase in equilibrium staining levels. This staining pattern is typical of cells that are progressively more hyperpolarized due to an outflow of cations other than protons. Future of BIOTECH OPTICS.
• Precision Filters, Aspheres, Objectives and more Similar staining curves can be obtained by replacing SDS with the K + ionophore gramicidin A (data not shown). We conclude that at 0.8 mM SDS, small channels or leaks are formed that allow the outflow of cations from the cytosol without affecting the diS-C 3 (3) binding capacity of cell constituents (21) .
When using 5 mM SDS, a lethal concentration for even a 3-min exposure, the staining curves revealed a very rapid red-shifting. Red-shifting is typical of cells with disrupted or fully permeabilized membranes and is often indicative of cell wall damage [as in after heat shock (21, 22, 28) ]. These cells did not respond to the addition of CD cocktail, indicating they had lost membrane potential due to permeabilization (22) .
The time-and concentration-dependent effects of a drug can be easily assessed by plotting the λ max/40 values (λ max at 40 min of staining) and the λ max/CD values against the time of exposure ( Figure 1B ). This simple plot can reveal membrane hyperpolarization (0.8 mM SDS) and complete permeabilization (5 mM SDS).
Dose-dependent action of nystatin on yeast cells
Nystatin is a polyene antifungal agent that binds to ergosterol and forms stable pores, resulting in cell permeabilization and the leakage of cytoplasmic components (29, 30) .
The staining curves of nystatin-treated cells depended on the length of exposure. After a 3-min exposure to 60 μM nystatin, staining reached a low equilibrium λ max level (Figure 2A) . Addition of CD cocktail caused λ max to decrease to that of CD cocktail-treated controls. This low staining level and the response to CD cocktail similar to that of intact control cells are typical of depolarized cells with a low membrane potential. Short exposures to nystatin are probably insufficient for the complete binding of nystatin to ergosterol and likely induce few membrane leaks with negligible effect on the cell's dye-binding capacity (21) . In contrast, longer exposures (15-120 min) result in red-shifting, which is typical of permeabilized cells that do not respond to CD cocktail. In permeabilized cells, ions flow out of the cytosol, gradually enhancing the probe binding capacity of the cytosolic components and shifting λ max toward longer wavelengths. The transition from depolarization to full permeabilization was revealed by the dependence of the λ max/40 value on the time of exposure ( Figure 2B ). For the sake of clarity, only the λ max/CD plots for the 0 and 60 μM nystatin are shown.
With 60 μM nystatin, complete permeabilization occurred after 50 min, while with 40 μM nystatin, it required 60-80 min and was not complete even after 120 min with 20 μM nystatin.
As shown above, the diS-C 3 (3) timedependent drug exposure assay can be used to evaluate the mechanism and speed of action of surface-active drugs. The assay can detect changes ranging from slight membrane depolarization to complete membrane permeabilization. In comparison, cell viability assays performed under the same conditions revealed only low levels of survival after short exposures to nystatin, providing little insight into the drug's mode of action ( Figure 2C ; 40 μM nystatin).
Permeabilization of AD1-3 cells by two forms of amphotericin B
Amphotericin B is the only polyene antifungal currently approved for systemic use. Like nystatin, it forms pores or channels that cause leakage of cellular components and ultimately, cell death (31) . Figure 2B compares the time-dependence of λ max/40 for cells treated with 40 μM amphotericin B and nystatin. Nystatin partially depolarized cells at short exposure times, but they were fully permeabilized (red-shifted) after 60 min. Both forms of amphotericin B (in DMSO or water) were markedly less effective at permeabilizing cells than nystatin. Amphotericin B (40 μM in water) caused a mild, progressive depolarization over 2 h. Amphotericin B (40 μM in DMSO) caused a similar depolarization during the first 40 min, but this was followed by a slow increase in λ max/40 , indicating ion outflow.
These slower effects of amphotericin B are reflected by increased cell survival relative to nystatin-treated cells ( Figure  2C ). For both forms of amphotericin B, exposure times longer than the times at which the λ max/40 begins to increase (40 min for amphotericin B in DMSO and 100 min for amphotericin B in water) corresponded to negligible cell survival.
Dose-dependent action of ODDC
ODDC is an efficient topical antimicrobial agent that forms noncytotoxic complexes at the site of action. ODDC binds to negatively charged microbial surfaces, resulting in disruption of the cell membrane. It strongly adheres to lipid components of microbial cell membranes without adversely affecting human epithelia or wound tissue (32) . Figure 3A shows the staining curves of cells exposed to four concentrations of ODDC (0.1, 0.5, 1, and 3 μΜ) . The striking feature is its rapidity resulting from its fast and strong adherence to cell surfaces. With exposure to 0.1 μM ODDC, the staining curves remained essentially unchanged with longer exposure times ( Figure 3A ). This indicated a fast but limited depolarization without permeabilization.
The staining curve for the 3-min exposure to 0.5 μM ODDC was indicative of a small fraction of the cells being fully permeabilized with the remainder being depolarized, as indicated by the reduced equilibrium value attained after 40 min and the response to CD cocktail (22) . The contribution of fully depolarized cells cannot be reliably distinguished, because of their negligible contribution to staining and their lack of response to CD cocktail; they are "hidden cells." Exposure for 15 min led to an increase in the fraction of permeabilized cells, as seen from the weaker response to CD cocktail. The similarity of the 15-and 120-min staining curves indicated that the action of ODDC was completed within 15 min. The steeper initial rise in cell staining of the 120-min exposure indicated increased permeability of the dye across the cell wall.
At 1 μM ODDC, the fractions of permeabilized cells were higher, and there was no response to CD cocktail for the 15-and 120-min exposures. Equilibrium staining levels were not maximal, suggesting only fully permeabilized and fully depolarized cells were present.
At 3 μM ODDC, the 3-min staining curve indicated that most, but not all cells were fully permeabilized (the curve is not completely red-shifted). Longer exposure times resulted in full permeabilization.
The dependence of the λ max/40 and λ max/CD values on the exposure time clearly illustrates ODDC's rapid action; depolarization or full permeabilization was reached ≤15 min ( Figure 3B) .
The results of the diS-C 3 (3) timedependent drug exposure assay are supported by the cell viability assay ( Figure 3C ). ODDC is an ideal example of a surfaceactive antifungal agent; it acts rapidly and is effective at low concentrations. The diS-C 3 (3) time-dependent drug exposure assay can be used to identify the mechanisms of drug action and as a fast, cost-effective screening method for determining the lowest effective concentrations of such drugs.
Effect of BAC on yeast BAC is a cationic, quaternary ammonium compound (QAC) that primarily targets the cytoplasmic membranes of bacteria and yeasts. QACs are surface active, penetrate into the cell wall, and interact with the plasma membrane to cause leakage of low molecular weight materials. They also act intracellularly by promoting the release of autolytic enzymes (33, 34) .
At 50 μM BAC, the red-shifted staining and the lack of response to CD cocktail indicated that most of the cells were permeabilized, and the remainder were totally depolarized ( Figure 4A ). None of these cells were viable (data not shown). At 1 and 5 μM BAC, there was a concentrationdependent cell depolarization, which was slower than with 0.1 μM ODDC. The response to CD cocktail indicated that no cells were permeabilized; λ max/CD values were the same as for untreated cells ( Figure 4A ). All cells exposed to 1 μM BAC survived (data not shown), while exposure to 5 μM BAC reduced survival to ~60% after 120 min ( Figure 4B ), despite the absence of cell permeabilization.
Several reasons may explain why the proportion of cells surviving exposure to 5 μM BAC did not correspond with the number of permeabilized cells detected by the diS-C 3 (3) time-dependent drug exposure assay. First, BAC may cause deep depolarization that ultimately disorganizes the membrane and reduces cell survival. Second, BAC may cause damage to the cell wall, which precludes cell reproduction. Third, BAC may act intracellularly and inhibit metabolism. None of these mechanisms is detectable by the diS-C 3 (3) time-dependent drug exposure assay.
To gain insight into the mechanism of BAC toxicity, we used a set of mutants isogenic to AD1-3, but deleted in only one MDR pump. As shown in Figure 4C , BAC was a substrate of Pdr5p (in contrast to other compounds-see the disc assays in Supplementary Figure S1 ). Only the parent strain U.S.50-18C and AD12, which also possess the Pdr5 pump, were capable of growth near the disc where the BAC concentration was high enough to stop the growth of other strains. These strains showed full survival when exposed to 5 μM BAC ( Figure 4B ), in contrast to Pdr5p-deficient strains. Although the survivals of AD1-3 and AD12 to BAC exposure are different ( Figure 4B ), BAC has the same membrane depolarizing effects on both strains ( Figure 4A ). The lower diS-C 3 (3) staining of control AD12 cells is caused by Pdr5p-dependent dye export ( Figure 4A ) (22) . These data clearly show a dominant role for metabolic inhibition rather than membrane damage in BAC toxicity.
The mechanisms of effect of some biocides in current use are not completely understood, except that at high concentrations they cause cell permeabilization or inactivate a number of enzymes. We show here that insight into a drug's mechanism of action can be easily and rapidly gained by our diS-C 3 (3) time-dependent drug exposure assay when performed at low biocide concentrations. The assay can reveal the contributions of surface-active or intracellular effects on cell viability at different biocide concentrations and exposure times.
